Coalescence of intermediate-mass black holes (IMBHs) as a result of the migration toward galactic centers via dynamical friction may contribute to the formation of supermassive BHs. Here we reinvestigate the gaseous dynamical friction, which was claimed to be inefficient with radiative feedback from BHs in literature, by performing 3D radiation-hydrodynamics simulations that solve the flow structure in the vicinity of BHs. We consider a 10 4 M BH moving at the velocity v flow through the homogeneous medium with metallicity Z in the range of 0 − 0.1 Z and density n ∞ . We show that, if n ∞ 10 6 cm −3 and v flow 60 km s −1 , the BH is accelerated forward because of the gravitational pull from a dense shell ahead of an ionized bubble around the BH, regardless of the value of Z. If n ∞ 10 6 cm −3 , however, our simulation shows the opposite result. The ionized bubble and associating shell temporarily appear, but immediately go downstream with significant ram pressure of the flow. They eventually converge into a massive downstream wake, which gravitationally drags the BH backward. The BH decelerates over the timescale of ∼ 0.01 Myr, much shorter than the dynamical timescale in galactic disks. Our results suggest that IMBHs that encounter the dense clouds rapidly migrate toward galactic centers, where they possibly coalescence with others.
INTRODUCTION
The existence of supermassive black holes (SMBHs) exceeding 10 9 M at high redshifts (z 6) is a big mystery in the modern astrophysics (e.g., Fan et al. 2001; Willott et al. 2010; Mortlock et al. 2011; Venemans et al. 2013; Wu et al. 2015; Bañados et al. 2018; Matsuoka et al. 2019 ). Intermediate-mass BHs (IMBHs) with M BH ∼ 10 3−5 M are often considered as the seed objects (e.g., Inayoshi et al. 2019) , and their coalescence should contribute to the rapid SMBH formation in the early universe (e.g., Ryu et al. 2016; Tagawa et al. 2016 ). Once galaxies harboring IMBHs merge, the IMBHs are expected to drift in the remnant galaxy. The IMBHs gradually lose their orbital angular momentum due to dynamical friction from the surrounding stars or gas. If the frictional process operates efficiently, the IMBHs rapidly migrate inward and may form binaries. The IMBH binaries eventually coalescence yielding the gravitational wave emission, which is one of the main targets of the space-based interferometers such as LISA (eLISA Consortium et al. 2013; Amaro-Seoane et al. 2017 ).
The BH mass growth via IMBH coalescence is thought to be particularly important in the early universe. The latest cosmological galaxy formation simulations such as Blue-Tides (e.g., Di Matteo et al. 2017; Huang et al. 2019) show that the SMBH host galaxies have experienced numerous mergers with their surrounding galaxies. The resulting BH mergers drive the BH mass growth from M BH = 10 3 M to ∼ 10 6 M by the epoch of z 12. Such rapid growth is comparable to that via super-Eddington gas accretion, which does not necessarily occur (e.g., Sugimura et al. 2018) . The BH mass further increases to ∼ 10 9 M via sub-Eddington accretion by z 6.
However, such cosmological simulations assume that BH coalescence occurs instantaneously after their host galaxies merge because the spatial resolution is not high enough to follow the BH orbital evolution. In order to clarify how efficiently the BHs migrate, BH orbital decay within each galaxy has to be solved. Indeed, Escala et al. (2005) and Mayer et al. (2007) perform such high-resolution simulations solving the temporal evolution of BH orbits in iso-lated galaxies. They show that the gaseous dynamical friction transports IMBHs from ∼ 100 pc to sub-pc away from the centers just in ∼ 10 Myr, which is much shorter than the galactic merger timescale. However, most of the previous studies have neglected effects of a copious amount of radiation emitted from the BHs. The resulting radiative feedback on the surrounding medium changes the efficiency of the dynamical friction. Souza Lima et al. (2017) shows that the BH feedback is strong enough to disperse a gaseous wake downstream of the BH, the essential driver of the dynamical friction. Such a "wake evacuation" effect makes the BH orbital decay inefficient. Park & Bogdanović (2017, hereafter PB17) have found a similar effect diminishing the gaseous friction on the IMBHs moving through the primordial gas. Their 2D radiation-hydrodynamic (RHD) simulations do not cover the galactic-scale gas dynamics, but spatially resolve the gas structure in the vicinity of the BHs, i.e., within the Bondi radius. A photoionized (or Hii) bubble created around the BH destroys the downstream wake, which would appear without the radiative feedback. As a result the frictional force is substantially suppressed.
In this paper, we extend the previous study by PB17 in the following two directions, to understand the gaseous friction exerted on IMBHs drifting in young galaxies. First, we consider the effects of heavy elements and dust grains contained in the gas through which the BHs migrate. A galaxy merger generally induces a starburst in the remnant galaxy, which scatters heavy elements and dust grains into the interstellar medium (ISM) (e.g., Hopkins et al. 2008) . The gaseous dynamical friction on a moving BH is expected to be affected by the existence of dust grains because the size of the Hii bubble is reduced by the dust attenuation of the ultraviolet (UV) radiation Toyouchi et al. 2019) .
Secondly, we explore very dense environments that have not been considered in PB17. Inayoshi et al. (2016) study the gas accretion onto BHs with radiative feedback for such cases, assuming no relative velocities between the BH and ISM. They find that the flow structure qualitatively changes once the ambient density exceeds the threshold value n ∞,cr ∼ 10 6 cm −3 (M BH /10 4 M ) −1 . The ram pressure of the accretion flow overcomes the thermal and radiation pressure within the bubble, and the Hii region is eventually trapped within the normal Bondi flow. Inayoshi et al. (2016) concludes that the resulting accretion rates are hardly affected by the radiative feedback and converge to the normal Bondi value. In our current study, we also consider the cases where the BH is moving through such dense environments. We expect that the density structure around BHs is qualitatively different from the case with n ∞ n ∞,cr ; the strong ram pressure of the flow should affect the density structure around the ionized bubble. We examine such a complex flow structure and the resulting gaseous dynamical friction by using the 3D RHD simulations.
The rest of the paper is organized as follows. We first summarize the underlying physics on the mass accretion and dynamical friction onto IMBHs in Section 2. We next describe the method of our 3D RHD simulations in Section 3. The simulation results are given in Section 4, based on which we discuss the actual orbital evolution of IMBHs in merged galaxies in Section 5. Finally, we provide a summary and conclusion in Section 6.
UNDERLYING PHYSICS
In this section, we summarize the underlying physics which is useful to interpret our numerical results presented in Section 4. Consider a homogeneous flow with number density n ∞ and gas temperature T ∞ at the relative velocity v flow to an IMBH with mass M BH . The Bondi radius, inside which the gravitational energy of the BH exceeds the gas thermal and kinetic energies, is given by
where c s,∞ = k B T ∞ /(µm p ) = 8.1(T ∞ /10 4 K) 1/2 km s −1 is the sound speed for the isothermal gas. We first consider the so-called Bondi-Hoyle-Lyttleton (BHL) case, where radiative feedback from the BH accretion disk is neglected. In this case, the gas passing near the BH, particularly with the impact parameter less than the Bondi radius, is pulled back by the BH gravity to accumulate in the the backside of the BH. Such downstream structure gravitationally drags the BH backward, which is well known as the gaseous dynamical friction. Ostriker (1999) analytically evaluates the frictional force and derives a formula for M ≡ v flow /c s,∞ > 1 as,
where lnΛ ≡ ln (r max /r min ) is Coulomb logarithm, and r max and r min are the maximum and minimum scales that describe the extent of the distribution of the gas contributing to the force. The accretion rate onto the BH is given by the BHL rate
Next we consider the effects of the radiation emitted from the BH accretion disk with L = η Mc 2 , where M, η, and c are mass accretion rate, the radiative efficiency, and the speed of light, respectively. The luminosity L and corresponding accretion rate may be limited by the so-called Eddington values
where κ T = 0.4 cm 2 g −1 is the opacity of Thomson scattering. The above limits implicitly assume that the accreting gas is fully ionized with the primordial composition. In our work, however, we consider the accretion flow containing dust grains. Since the dust opacity can be larger than the Thomson scattering value, we may set the more stringent limits on the luminosity and mass accretion rate as
where κ d,UV is the the dust absorption opacity for UV light, for which we assume κ d,UV = 2.8 × 10 2 (Z/Z ) cm 2 g −1 (e.g., Yajima et al. 2017) . As is evident, for Z 10 −3 Z , L E,UV becomes lower than the normal Eddington value L E . The radiative force exerted on dust grains predominantly sets the effective Eddington limit for such cases.
An ionized bubble created around the BH causes radiative feedback against the accretion flow. When the BH is moving relative to the ISM, in particular, the Hii region has a cometary shape and a dense shell forms in the upstream side as illustrated in Figure 1 (e.g., Park & Ricotti 2013, PB17) . The downstream wake, which should appear in absence of the Hii bubble, significantly weaken or completely disappear. The BH is not efficiently decelerated for such a case, meaning that the radiative feedback substantially suppresses the gaseous dynamical friction.
However, we expect that the above picture should be modified if the effective Bondi radius is larger than the size of the Hii bubble, R HII . Inayoshi et al. (2016) investigate the rapid mass accretion onto BHs for cases with v flow = 0. According to them, for R B < R HII , an Hii bubble dynamically expands and disturbs the accretion flow toward the BH. Such a feedback effect substantially reduces the accretion rates from the Bondi value. For R B > R HII , by contrast, the Hii bubble collapses due to the ram pressure of the accretion flow. The accretion rates eventually converge to the Bondi value, for which the radiative feedback is of no effect. In what follows, we investigate whether a similar transition occurs or not with non-zero v flow in the context of the gaseous dynamical friction.
For considering the ratio R B /R HII with non-zero v flow , we evaluate R HII as a distance from the BH to the dense upstream shell. We suppose that the shell is in quasi-steady state where the momentum flux is conserved across the shell, namely 2n HII c 2 s,HII = n ∞ (c 2 s,∞ + v 2 flow ), where n HII and c s,HII are gas number density and sound speed in Hii bubble, respectively. We approximate R HII with the Strömgren radius,
where α rec (∝ T −1 HII ) is the case-B hydrogen recombination coefficient, and Q ion (∝ L) the emissivity of ionizing photons. For acquiring the sufficient condition for R B > R HII , we evaluate the maximum size of the ionized bubble, which is realized with the Eddington luminosity given by Eq. (8) as below,
where we assume the ionized gas temperature as T HII = 7 × 10 4 K, a typical value seen in our simulations. Although we here neglect the effect of dust attenuation of ionizing photons within the Hii bubble, this is a good approximation for our examined cases with Z 0.1 Z (see Eq. 16 in Toyouchi et al. 2019) .
After all, from Eqs. (1) and (12), the condition of R B > R HII for non-zero v flow is written as
This equation implies that, for a fixed BH mass, dense environments are preferable to realize R B > R HII . We define the cases where Eq. (13) is satisfied as the dense environments and the other cases as the rarefied environments (see also Figure 1 ). We investigate the gas structure and the resulting BH acceleration realized in the rarefied and dense environments in Section 4. Since the right-hand side of Eq. (13) is normally O(1) in our examined cases with Z < 0.1 Z and v flow ∼ O(10) km s −1 , we approximately represent the condition of R B > R HII as M BH,4 n ∞,6 > 1, where M BH,4 ≡ (M BH /10 4 M ) and n ∞,6 ≡ (n ∞ /10 6 cm −3 ).
SIMULATION METHOD
We make use of a modified version of the public magneto-hydrodynamics code PLUTO 4.1 (e.g., Mignone et al. 2007 ), which has been applied for studying the star formation at different metallicities (e.g., Kuiper et al. 2010; Hosokawa et al. 2016; Nakatani et al. 2018a,b; Kuiper & Hosokawa 2018; Kölligan & Kuiper 2018) . In our previous studies, we have further implemented additional physics to investigate the gas accretion onto the BH under the radiative feedback (Sugimura et al. , 2018 Toyouchi et al. 2019) . We briefly describe our numerical method below (see also Toyouchi et al. 2019) .
Basic setup
We perform a suite of three-dimensional hydrodynamics simulations to solve the flow structure around the IMBHs. We use the 3D-spherical coordinates (r, θ, φ), in which a BH is located at the origin. Our computational domain covers the radial range from R in = 5 × 10 3 AU 1/30R B,0 to R out = 10 7 AU 70R B,0 , where R B,0 is the Bondi radius for M BH = 10 4 M and T ∞ = 10 4 K. We avoid too short time steps required to resolve the dense structure near the central BH accretion disk by using the sink region for r ≤ R in . The grid numbers are (N r , N θ , N φ ) = (256, 36, 72) for all the examined cases. We adopt logarithmic spacing for the radial grids to realize the higher resolution in the inner region.
In this numerical domain, we consider the gas flow relative to the BH. We start our simulations assuming the homogeneous steady flow toward the negative Y-direction at the velocity v flow and solve the following governing equations,
where
, and P are the gas density, velocity, and pressure, and g = (g r , g θ , g φ ) the external force including the BH gravity and radiative pressure, E and H the total energy and enthalpy per unit volume, Γ and Λ the specific heating and cooling rates. Magnetic fields and gas self-gravity are ignored in our simulations for simplicity. We discuss potential roles of the self-gravity later in Section 5.1. With Eq. (19), we calculate the non-equilibrium chemical reactions for the eight species of HI, HII, HeI, HeII, HeIII, CII, OI, and e − , where y i is the number ratio of i-th species to hydrogen nuclei and R i the corresponding chemical reaction rate. The CII and OI abundances are assumed to be constant at y CII = 0.927×10 −4 Z/Z and y OI = 3.568×10 −4 Z/Z . We also consider the dust grains contained in the gas, assuming the dust-to-gas mass ratio of 0.01 × Z/Z . The reactions considered are photoionization and collisional ionization of HI, HeI and HeII, and recombination of HII, HeII, HeIII. With the updated chemical abundances, we compute Λ and Γ summing up contributions from the photoelectric heating, fine-structure line cooling via CII and OI emission, free-free cooling of HI, HeI and HeII, and dust-gas collisional cooling.
In this study, we only examine the cases with Z ≤ 0.1 Z , for which our minimal chemistry network provides reasonable approximations. Additionally, we ignore any molecular cooling, which could be important in T ∼ 10 K. Note that in nearby galaxies the observed kinetic temperature of circum-nuclear disks (CNDs) is typically much higher than ∼ 10 K (e.g., Davies et al. 2012; Izumi et al. 2013; Viti et al. 2014 ).
Radiative Feedback
Mass accretion rates onto the unresolved accretion disk M are assumed to be given by the mass influx measured at R in . To incorporate the radiative feedback against the accretion flow, we evaluate the disk luminosity as functions of M using a sub-grid model,
where m is defined as M/ M E . The above formula well approximates the model results by Watarai et al. (2000) . Note that the luminosity L does not largely surpass the Eddington value owing to the photon trapping effect. We assume that the radiation is isotropically emitted from the sink, with a power-law spectrum L ν ∝ ν −α (α = 1.5) in a limited frequency range 6 eV ≤ hν ≤ 1 keV. We do not model winds or jets possibly launched from the accretion disk, assuming no outward mass flux from the sink. See Section 5.3 for their potential effects on the accretion flows. We solve the transfer of far-ultraviolet (FUV; 6 eV ≤ ν ≤ 13.6 eV) and extreme-ultraviolet (EUV; 13.6 eV ≤ ν ≤ 1 keV) photons emitted from the sink by means of the frequency-dependent ray-tracing method along the radial cells. We consider the consumption of EUV photons by photoionization of HI, HeI, and HeII with the cross-sections given by Osterbrock (1989) and Yan et al. (1998) , and the dust attenuation of FUV and EUV photons with the opacity table of Weingartner & Draine (2001) . We also solve the transfer of diffuse IR photons coming from the thermal dust emission with the flux-limited diffusion (FLD) approximation method. We make use of the FLD module developed by Kuiper et al. (2010) , which has been well tested and used in a series of work (e.g., Kuiper et al. 2011 Kuiper et al. , 2012 Kuiper & Hosokawa 2018) . We also compute the radiative force via Thomson scattering, photoionization, and dust absorption consistently with the obtained radiation fields. The further details on our radiative transfer method are also given in Toyouchi et al. (2019) .
Calculation of BH acceleration
We calculate the BH acceleration in the Y-direction a Y by summing up the gravitational force from the surrounding gas structure,
where ρ i and dV i are the mass density and volume of i-th cell located at (r i , θ i , φ i ). Here, a positive (negative) value of a Y means that the IMBH accelerates in the upstream (downstream) direction, i.e., the BH speeds up (down). We note that the BH acceleration is calculated as a postprocess. Namely, we fix v flow during each run. We normally calculate the acceleration with a snapshot at t = 0.4 Myr, by which the flow reaches a quasi-steady state. Our treatment is valid because the resulting acceleration occurs over the timescale longer than that of our simulations. The actual time evolution of the BH velocity is discussed with a Y obtained for different v flow in Section 5.1.
Cases examined
In our simulations, the BH mass is fixed at M BH = 10 4 M , and the incident flow density n ∞ and metallicity Z are varied among models (Table 1) . The model name represents the values of Z, n ∞ , and v flow ; for instance, our fiducial model Z2N4V20 represents Z = 10 −2 Z , n ∞ = 10 4 cm −3 , and v flow = 20 km s −1 , with which the condition of M BH,4 n ∞,6 < 1 is satisfied. The fiducial parameters of n ∞ = 10 4 cm −3 and v flow = 20 km s −1 are chosen in reference to numerical simulations that follow the Milky Way-size galaxy mergers (e.g., Mayer et al. 2007 Mayer et al. , 2010 Roškar et al. 2015) . We set the gas temperature at the equilibrium value for given n ∞ , Z, and the presumed background FUV and X-ray radiation fields. We assume the background fields 100 times stronger than in the solar neighborhood (see Toyouchi et al. 2019 , for more details).
Apart from model Z2N4V20, we also consider models PRN4V20 and Z1N4V20, where only the metallicity is varied as Z = 0 and 0.1 Z to investigate the Z-dependence.
We also consider Z2N6V20 model with the higher density n ∞ = 10 6 cm −3 , with which the condition M BH,4 n ∞,6 > 1 is satisfied. Such a dense environment corresponds to rare dense parts of the gas disk formed in merger remnant galaxies (Fiacconi et al. 2013; Souza Lima et al. 2017 ).
In addition to the above cases with v flow = 20 km s −1 , we also investigate model Z2N4V100 with v flow = 100 km s −1 . Such a high velocity is also observed in numerical simulations, as upper values of the rotational or turbulent velocities. We note that, for Z2N4V100 model, we adopt the smaller inner boundary radius R in = 10 2 AU as shown in Table 1, because the default sink size is bigger than the effective Bondi radius for v flow = 100 km s −1 .
Incidentally, we performed two convergence check tests for the fiducial model. The one adopts the doubled number of the spatial grids, and the other the halved sink size. As a result, we confirmed good convergences in terms of the density structure and the resulting gaseous dynamical friction.
RESULTS

Metallicity Dependence
First, we investigate the metallicity-dependence of the flow structure around a moving BH. Figure 2 shows the distributions of the gas number density and temperature in the quasi-steady states for the different metallicities of Z = 0, 0.01 Z , and 0.1 Z (models PRN4V20, Z2N4V20, and Z1N4V20). We see, for the case with Z = 0, an ionized bubble elongated downstream and a dense shell in the upstream side of the bubble. Such features are generally in agreement with the previous results obtained by 2D simulations for the similar primordial cases (Park & Ricotti 2013, PB17) . The thermal structure for Z = 0.01 Z is somewhat more complicated than for Z = 0. It consists of distinct cold and warm (T ∼ 10 2 and 10 4 K) layers around the hot ionized bubble. In addition to the upstream shell, an egg-like shell appears along the boundary between the cold and warm layers. The cold region corresponds to the ambient gas in the thermal equilibrium state achieved by the balance between metal-line cooling and heating by the background radiation. The warm region is partly ionized by X-ray photons leaking from the ionized bubble, and the temperature is set by the balance between photoionization heating and Lyα cooling (Takeo et al. 2019) . Such a double-shell structure disappears for the higher metallicity Z = 0.1 Z . In this case, the metal cooling is so efficient that the warm region does not extend widely, and as a result, a sharp transition between the cold and hot media occurs just in front of the upstream ionization front. The kinetic flow structure is common among these cases. The flow velocity gradually increases after crossing the dense upstream shell, from v flow 20 km s −1 to 50 km s −1 . Such acceleration occurs because the flow thermal pressure increases across the ionization front owing to the photoionization heating. Figure 3 shows the time evolution of mass accretion rates onto the BH for the same cases. For Z = 0, the mass accretion rates converge to 10 % of the Eddington value, which has been well understood with 1D analytic modeling, as shown in Park & Ricotti (2013) . However, we find that the rates converge to lower values with higher metallicities Z = 0.01 and 0.1 Z . This is because the BH gravity is effectively weakened by the outward force of the radiation pressure boosted by the presence of dust grains within the ionized bubble. Such an effect is incorporated in our Eq. (9). We see that the rate predicted by Eq. (9) well matches with the converged rate for Z = 0.1 Z . The lower accretion rate leads to the fainter BH luminosity, which explains the trend in Figure 2 that the bubble size is smaller with higher metallicity.
Next, we investigate the acceleration of the BH caused by the gravity of the surrounding gas structure. Figure 4 presents the BH acceleration evaluated by Eq. (21) for the above runs. We see that, for Z = 0, the gas enclosed within 10 5 AU contributes to slightly decelerating the BH. That is caused by the downstream wake created in the ionized bubble, similar to the standard BHL case. For r 10 5 AU, however, the BH acceleration becomes positive, and its absolute value rapidly increases up to a Y ∼ 10 −7 cm s −2 at r ∼ 10 6 AU, which corresponds to the position of the dense upstream shell. This result suggests that the BH is gravitationally accelerated forward by the gravity of the dense upstream shell, i.e., the BH speeds up 1 .
Although the flow structure is somewhat different be-1 Although PB17 also suggests the positive BH acceleration, their absolute values are orders of magnitude smaller than our results. Such a large difference is possibly attributable to their erroneous unit conversion (Park 2019, private communication). 
PRN4V20 10 4 0 10 4 20 6.8 × 10 3 5 × 10 3 10 7 Z2N4V20 10 4 0.01 10 4 20 3.0 × 10 2 5 × 10 3 10 7 Z1N4V20 10 4 0.1 10 4 20 1.8 × 10 2 5 × 10 3 10 7 Z2N4V100 10 4 0.01 10 4 100 3.0 × 10 2 10 2 10 7 Z2N6V20 10 4 0.01 10 6 20 8.9 × 10 5 × 10 3 10 7 Figure 3 . Mass accretion histories onto a moving IMBH with different metallicities, Z = 0 (PRN4V20, blue), Z = 10 −2 Z (Z2N4V20, green), and Z = 0.1 Z (Z1N4V20, red). The accretion rate is normalized with the Eddington rate given by Eq. (7) for each case. The dotted line represents the value expected by the 1D analytic model by Park & Ricotti (2013) for the primordial case, where the same BH mass, ambient density, and incident velocity are assumed with T ∞ = 10 4 K and T HII = 10 5 K. The dashed line shows the effective Eddington rate for Z = 0.1 Z given by Eq. (9).
tween the cases with Z = 0 and 0.01 Z , the resulting acceleration is remarkably similar, particularly for r 10 5 AU. This is because the dense upstream shell structure is common among these cases, and the outer egg-like shell found only for Z = 0.01 Z is not massive enough to contribute to the BH acceleration. For Z = 0.1 Z , the BH acceleration is always positive because the dense upstream shell places much closer to the BH than the other cases. The acceleration still converges to a similar value for r 10 5 AU, for which the gravity from the whole part of the dense upstream shell is taken into account. Figure 5 presents the time evolution of the BH acceleration caused by the gas contained in the whole computational domain for the above models. The acceleration is always positive over the simulation duration, and it converges to a Y ∼ 10 −7 cm s −2 by the epoch of t ∼ 0.1 Myr for all cases. For such cases, the timescale over which the BH velocity becomes doubled is estimated as τ acl = v flow /|a Y | ∼ 1 Myr, comparable to the dynamical timescale in galactic disks. It seems difficult for moving IMBHs to fall toward the galactic centers losing their orbital angular momentum.
We here analytically estimate the magnitude of BH acceleration. Consider an ionized bubble with a bow-like shocked shell at the upstream front. As the ram pressure of the pre-shocked gas is converted to the thermal pres- sure of the post-shocked gas at the shock, the density inside the shell is obtained as ρ shell ≈ (v flow /c shell ) 2 ρ ∞ . Furthermore, according to an analytical consideration based on the mass conservation in the radial and tangential flow inside the shell (Sugimura et al., in prep.) , the geometrical thickness of the shell is approximated as D shell ≈ (ρ ∞ /ρ shell )R HII ≈ (v flow /c shell ) −2 R HII . Therefore, the mass of the shell is described as M shell ≈ πr 2 HII D shell ρ shell ≈ πρ ∞ r 3 HII . Finally, we derive the resulting BH acceleration caused by the shell gravity as a ∼ GM shell r 2 HII ∼ πGρ ∞ R HII ∼ 7 × 10 −8 n ∞ 10 4 cm −3 R HII 10 6 AU ,
which roughly explains the simulation results. Furthermore, the dependence of a ∝ R HII in Eq. (22) suggests that the smaller bubble size for Z = 0.1 Z (Fig. 2) is the reason for the slightly weaker acceleration than the other cases as shown in Figure 5 .
Higher Velocity Case
As shown above, IMBHs moving at v flow = 20 km s −1 should be accelerated owing to the gravitational pull from the dense upstream shell. We here clarify to what extent the acceleration continues, considering the case with the high flow velocity v flow = 100 km s −1 . Figure 6 shows the density and temperature distributions in the quasi-steady state for such a model with Z = 10 −2 Z and n ∞ = 10 4 cm −3 (model Z2N4V100). In this case, the photoionized bubble, within which the temperature is ∼ 10 5 K, is much smaller than with v flow = 20 km s −1 (model Z2N4V20 , Fig. 2) . The small bubble size is due to the low accretion rate (or low BH luminosity), as shown by Eq. (4). Another remarkable Forward Backward Z = 0.1 Zsun Z = 0.01 Zsun Z = 0 Figure 5 . Time evolution of the BH acceleration with different metallicities Z = 0 (PRN4V20, blue), Z = 10 −2 Z (Z2N4V20, green), and Z = 0.1 Z (Z1N4V20, red). In this figure, the BH acceleration is evaluated for the whole computational domain, i.e., r = 10 7 AU. The plotted lines are all solid, indicating only the forward acceleration is realized for the cases considered.
difference from model Z2N4V20 is that no dense shell appears ahead of the bubble. The flow is hardly disturbed by the presence of the bubble, as also shown in Park & Ricotti (2013) . Such flow properties are all expected with the R-type ionization front, a solution realized only for v flow v R,crit = 2c s,HII 60 km s −1 . In this case, the flow is too fast for the thermal pressure to create any density jump at the ionization front, consequently prohibiting the formation of the dense upstream shell structure. Figure 7 shows the comparison of the resulting BH acceleration between Z2N4V100 and Z2N4V20 models. The forward acceleration of moving BHs is no longer expected for the higher velocity case. In contrast to model Z2N4V20 showing the positive BH acceleration, in model Z2N4V100, the BH rather decelerates at the rate similar to the dynamical friction in the BHL case, which implies that the effects of radiation are almost negligible on the surrounding density structure. However, the absolute value of the resulting BH acceleration for v flow = 100 km s −1 is much smaller than that for v flow = 20 km s −1 , as expected by Eq. (3) . Thus, the forward BH acceleration shown in Section 4.1 only occurs with v flow v R,crit 60 km s −1 , and the acceleration should become less efficient as the velocity approaches v R,crit .
We note here that the negative acceleration predicted in Z2N4V100 model might be modified due to the following reason. According to the linear analysis by Newman & Axford (1967) , the density structure at the R-type ionization front should be unstable. Actually, a numerical experiment by Sugimura et al. (in prep.) assuming the constant BH luminosity, but with much higher spatial resolution than models presented here, find the instability of R-type fronts, which may affect the sign and amplitude of the acceleration. However, in any case, Eq. (22) suggests that the BH acceleration would still be negligible because the ionized bubble is small due to inefficient mass accretion onto IMBHs in the case of the high flow velocity. Therefore, we expect our conclusion that the BH acceleration becomes inefficient when v flow v R,crit is not affected by the instability. Figure 2 but for model Z2N4V100, where the high incident velocity v flow = 100 km s −1 is assumed for the gas with Z = 0.01 Z . Note that only the color scale of the velocity differs from that in Figure 2 . The inner and outer contours indicate the positions where the neutral hydrogen fraction is 0.01 and 0.99. The layer between these contours corresponds to the ionization front.
Dense Environment Case
We next consider the dense environment where the condition M BH,4 n ∞,6 > 1 is satisfied. For such a case, the photoionized bubble formation and resulting flow structure around the BH should qualitatively differ from the above cases (see also Sec. 2). Figure 8 shows the three-dimensional density structure obtained for Z2N6V20 model, where the density n ∞ = 10 6 cm −3 is 100 times higher than the other cases. We see that, although some bubble structure associated with the upstream shell appears, the overall structure around the BH is quite different from that found with the rarefied environments (e.g., Figure 2 ). In this model, the "snowman-like" double bubble structure is followed by the dense downstream wake.
We show the time evolution of such structure in Figure  9 . We find the recurrent bubble formation occurs, i.e., bubbles appear and go downstream one after another. At the epoch of t = 0.35 Myr, a dense shell associated with a bubble hits the central BH, and another bubble newly emerges in response to an induced accretion burst. The previous bubble goes downstream, and it deflates being apart from the BH emitting ionizing photons. Such a remnant of the bubble eventually accumulates into the dense downstream wake. The newer bubble also gradually moves downstream, so that the shell in the upstream side approaches the BH in the period of 0.36 Myr t 0.38 Myr. The shell finally hits the BH at t = 0.39 Myr, and the same evolutionary cycle continues afterwards. Figure 10 shows the mass accretion history onto the BH for the same case. The accretion bursts occur at t = 0.35 and 0.39 Myr, which correspond to the epochs of the new bubble creation presented in Figure 9 . We see that the accretion rates are enhanced by 10-100 times during the bursts. The figure also shows that such intermittent mass accretion keeps occurring over the whole duration, i.e., the recurrent formation and extinction of the bubble continues while the BH is moving through the dense medium. Figure 11 compares the BH accelerations between the dense (n ∞ = 10 6 cm −3 , model Z2N6V20) and rarefied (n ∞ = 10 4 cm −3 , model Z2N4V20) environments. For the dense case, the BH acceleration takes the negative values for t 0.2 Myr, when the flow structure reaches the quasisteady state. The BH is decelerated in contrast to the rarefied cases described above. The net backward acceleration is naturally understood because the downstream wake is much larger than the upstream shell. Recall that the acceleration increases with increasing the size of the structure (see Eq. 22). The absolute value of the acceleration with n ∞ = 10 6 cm −3 is |a Y | ∼ 10 −5 cm s −2 , in good agreement with the dynamical friction in the BHL case with the same density. This suggests that the radiative feedback no longer affects the orbital evolution of IMBHs in such a dense environment. The resulting timescale of the BH deceleration is only τ dec ∼ 0.01 Myr, much shorter than the dynamical timescale in galactic gas disks. We, therefore, conclude that, once an IMBH plunges into a dense environment, it efficiently loses its orbital energy due to strong gaseous dynamical friction.
We note that the unsteady evolution presented above might be caused by the drastic mass accretion onto the BH due to the initial condition far from a hydrodynamical equilibrium. In reality, such rapid accretion can occur when a BH quickly moves from the rarefied to dense environments (see also Sec. 5.2) and plunges into the massive upstream shell due to the sudden increase of the ram pressure. However, if the ambient density increases more slowly than the timescale over which the BH crosses over the Bondi radius, the mass Figure 8 . A bird's eye view of the three-dimensional density structure around an IMBH moving through the dense environment with n ∞ = 10 6 cm −3 (model Z2N6V20) for the epoch of t = 0.4 Myr. In this figure, the gas flows downward with v flow = 20 km s −1 . The green, orange, and red transparent contours roughly correspond to the isodensity surfaces at n ∞ ∼ 10 4 , 10 6 , and 10 7 cm −3 , respectively. We see complex structure, consisting of the upstream shell, a current ionized bubble that is excited around the IMBH, and past ionized bubble that is washed away toward the downstream wake (see the text for more details).
accretion rate could increase more calmly. To demonstrate such a situation, we additionally performed a numerical experiment, in which the radiative feedback is initially ignored and made effective artificially over the timescale longer than the BH (or the flow) crossing time of the Bondi radius. We found that, in this case, the mass accretion does not occur intermittently but proceeds somewhat steadily, similar to the low-density cases shown in Figure 3 . Interestingly, the flow structure around the BH, however, is much different from one realized in the rarefied environments; the ionized bubble is flown away by the significant ram pressure to be confined within the massive downstream wake. As a result, the BH experiences almost the same backward acceleration as in Figure 11 . Therefore our conclusion on the gaseous dynamical friction does not change, regardless of whether the intermittent or steady accretion occurs in the dense environments.
DISCUSSIONS
Can IMBHs Really Accelerate?
In the previous section, we show that IMBHs moving under rarefied environments may speed up until their ionization fronts become R-type. However, as noted in section 3.3, we do not follow the real-time BH acceleration in our RHD simulations. It is thus still unclear how the properties of dense upstream shell evolve in response to the BH acceleration, and to what extent the BH continues to speed up. We discuss the actual evolution based on our results below.
We here consider the dynamical evolution of the BH moving at initial velocity v flow < v R,crit with respect to the rarefied ISM satisfying M BH,4 n ∞,6 < 1. In the quasi-steady state realized in our simulation, a dense shell forms ahead of an ionized bubble for such a case (see Section 4.1). The shell is in a dynamical equilibrium achieved by the balance between the ram pressure upstream F ram and the thermal pressure of the ionized gas F therm downstream. In reality, however, the BH gradually accelerates toward the upstream shell. Since the distance between the BH and shell is fixed at the Stömgren radius, the upstream shell is also accelerated forward in response to the BH acceleration. While the ram pressure F ram increases as the shell accelerates, the thermal pressure F therm also increases to satisfy the balance F ram ∼ F therm . This occurs over the sound crossing time of the bubble τ sc = D sh /c s,HII ∼ 0.1 Myr, roughly ten times shorter than the timescale of the BH acceleration. Therefore, while the BH speeds up, the upstream shell structure should be approximated to be in the equilibrium states realized finally in our simulations. The acceleration continues until the flow velocity reaches v R,crit .
During the forward acceleration of the BH and shell, gas passing through the ionization front accelerates downstream (see Fig. 2 ). The gas stays longer in the upstream side than in the downstream side because of the asymmetric velocity structure. Since the gravitational pull from the BH contributes to increasing the downstream momentum in the upstream side, the flow obtains the net downstream momentum by passing through the bubble around the BH. The BH is accelerated forward in return for the backward acceleration of the gas, which ensures the momentum conservation of the whole system.
The total kinetic energy of the system increases as a result of the acceleration of gas and BH. Here, the essential drivers of the forward BH acceleration are the dense upstream shell, which is sustained by the thermal energy within the ionized bubble, originating from the energy injection via the BH radiation. From the viewpoint of energy conservation, this accelerating mechanism is caused by a conversion of gravitational energy of accreting gas to the kinetic energy of the IMBH and its surrounding gas.
Orbital Evolution of IMBHs in Merged Galaxies
Recent numerical simulations demonstrate that highly dense disks should form in the aftermath of the galaxy mergers (e.g., Mayer et al. 2007 Mayer et al. , 2010 Roškar et al. 2015) . Indeed, similar dense gas discs (or CNDs) have been observed in the central parts of ultra-luminous infrared galaxies, which are considered to recently experience merger events (e.g., Medling et al. 2014) . We here consider the actual orbital evolution of moving IMBHs drifting in such a CND, based on our simulation results. For an example of the CND, we refer to the disk found in the simulations performed by Souza Lima et al. (2017) . They suggest that the CND should have highly clumpy structure created via gravitational instability of the disk. Whereas the diffuse gas with n ∞ 10 4 cm −3 occupies a large volume within the CND, there are small but dense clumps whose typical density is n ∞ ∼ 10 5−7 cm −3 . The gaseous rotational and turbulent ve- Figure 9 . Time variation of the gas density structure in the duration of 0.33 ≤ t/Myr ≤ 0.41 in Z2N6V20 model, where the high ambient density n ∞ = 10 6 cm −3 is assumed. In each panel, the IMBH is located at the center of (X, Y) = (0, 0). The inner and outer contours in each panel indicate the positions where the neutral hydrogen fraction is 10 −5 and 0.99. The layer between these contours corresponds to the ionization front.
locities are ∼ 10 − 100 km s −1 about 100 pc away from the galactic center.
Consider an IMBH with M BH = 10 4 M moving through the clumpy CND. When the BH is traveling through the diffuse medium, which corresponds to the rarefied environment satisfying M BH,4 n ∞,6 < 1, the BH is accelerated by the gravitational pull from the upstream shell. The forward acceleration continues until the BH velocity relative to the ISM reaches v R,crit = 2c s,HII ∼ 60 km s −1 (Section 4.2). The BH orbit does not decay during that period. However, while the BH moves around the CND for the several dynamical time ∼ 10 Myr, it is expected to encounter a dense clump (Lupi et al. 2016) , where the density is high enough to satisfy the condition M BH,4 n ∞,6 > 1. Once this occurs, significant dynamical friction operates on the BH and it shortly loses orbital angular momentum (Section 4.3). Our results sug- Forward Backward n ∞ =10 4 cm −3 n ∞ =10 6 cm −3 BHL (10 6 cm −3 ) Figure 11 . Same as Figure 7 but for effects of the different flow densities. The blue and red lines represent the cases with the lower and higher densities n ∞ = 10 4 cm −3 and 10 6 cm −3 (models Z2N4V20 and Z2N6V100) respectively. We see that only the IMBH moving through the dense environment is decelerated by the frictional force. The dotted line shows the standard BHL dynamical friction, derived with Eq. (3) for n ∞ = 10 6 cm −3 .
gest that spatially resolving the dense clumps is critically important to accurately track the orbital evolution of the BHs drifting in the CND. Even under the radiative feedback, the gaseous dynamical friction should contribute to orbital decay of the BHs, possibly leading to their coalescence in galactic centers.
Effects Neglected
In this section, we discuss the effects that are not taken into account in our RHD simulations but might affect the BH accelerations. Namely, we consider the effects of (1) inhomogeneity of surrounding media and (2) anisotropic radiation and mass outflows from the circum-BH accretion disk.
Firstly, we discuss the validity of uniform-gas flow assumed in our RHD simulations. The CNDs have the disk thickness of ∼ 1 − 10 pc, and IMBHs are not necessarily moving along the disk plane, meaning that, in reality, the relative gas flow to IMBHs might be highly variable with time. For example, an IMBH with a vertical motion to a CND plane experiences an acceleration from the surrounding gas only when the IMBH goes across the disk plane. Even for an IMBH moving along the CND plane, the gas structure around the IMBH could not be regarded to be uniform. Actually, for IMBHs with M BH = 10 4 M , their Bondi radii and ionized bubbles can be equal to or somewhat larger than the thickness of CND. In this case, the estimate of the BH acceleration given by Eq. (22) should be corrected with the finite volume of the gas disk, leading to the longer BH acceleration timescale than the uniform-gas flow cases. Additionally, while we suggested in the previous section that IMBHs should be decelerated by passing through high dense clumps in CNDs, these clumps could also dynamically scatter moving IMBHs lighter than themselves, and prevent them from migrating to galactic centers (Fiacconi et al. 2013) .
Secondly, our simulations suppose isotropic radiation and no mass outflow from the circum-BH accretion disk for simplicity. In reality, because of the absorption of photons along the accretion disk, the resulting radiation field would be anisotropic (Proga et al. 2000; Proga & Kallman 2004; Nomura et al. 2013 Nomura et al. , 2016 Additionally, mass outflows, such as relativistic jets or line-driven winds, are launched from the vicinity of the central BH toward the polar direction. In these cases, gas around IMBHs might preferentially distribute along the accretion disk plane, where the effects of radiation and winds are not so significant Takeo et al. 2018; Regan et al. 2019; Zeilig-Hess et al. 2019) . For accretion disks around moving BHs, since their angular momentum originates from density fluctuation of the flowing gas, its vector is expected to be always perpendicular to the gas flow direction. Then, the ionized bubble and jets are not able to extend toward the flow direction, and no dense shell structure is expected to form at the upstream side of moving IMBH, as also depicted in Figure 3 of Gruzinov et al. (2019) . Consequently, moving IMBHs might not accelerate forward, but decelerate similar to the standard BHL case without any radiative or mechanical feedback.
As seen above, the inhomogeneity in ISM and the existence of anisotropic radiation or jets would provide significant impacts on the orbital evolution of moving IMBHs. Considering these effects is an important subject in our future studies.
SUMMARY AND CONCLUSION
In this paper, we have investigated how the IMBH with M BH = 10 4 M is dynamically accelerated by the surrounding ISM by performing 3D RHD simulations. In particular, we have considered IMBHs drifting through the dusty and dense ISM with Z ≤ 0.1 Z and n ∞ = 10 4−6 cm −3 , supposing the remnant gas disks left after gas-rich galaxy mergers in the early universe.
First, we have investigated the metallicity dependence of the BH acceleration for the rarefied cases satisfying M BH,4 n ∞,6 < 1. For such cases, regardless of the gas metal-licity, our simulations commonly show that a dense shell appears in the upstream side of a photoionized bubble around the BH. The dense upstream shell gravitationally pulls the moving BH, driving the forward BH acceleration. Such a result is in agreement with previous work by PB17, who only considered the primordial case. We show that for the primordial case the magnitude of the BH acceleration is ∼ 10 −7 cm s −2 . The resulting timescale of the acceleration is ∼ 1 Myr, which is comparable to the dynamical timescale in galactic disks. We have also found that the BH acceleration for Z = 0.1 Z is slightly smaller than the primordial case owing to the smaller mass of the upstream shell. The radiation force working on dust grains lowers the accretion rate and BH luminosity, with which the size of the bubble is reduced with finite metallicities.
In order to clarify to what extent the BH forward acceleration continues, we have further considered the case with the higher flow velocity of v flow = 100 km s −1 . In this case, the ionization front in the upstream side is well approximated with the R-type solution, which is realized for v flow v R,crit = 2c s,HII 60 km s −1 . The upstream shell structure no longer appears, so that the forward BH acceleration also disappears. We conclude that only BHs moving with v flow < v R,crit accelerate until the velocity approaches v R,crit , above which the acceleration becomes no longer effective.
We have also investigated the BH acceleration under the dense environments satisfying M BH,4 n ∞,6 > 1. In this situation, the flow structure around the BH is totally changed from the other cases. The ionized bubble and the upstream shell are promptly flown downstream by the significant ram pressure of the head wind. The remnants of the bubbles eventually converge to a huge downstream wake, which gravitationally drags the BH backward with the acceleration of ∼ 10 −5 cm s −2 . The timescale of the BH deceleration is only ∼ 0.01 Myr, generally much shorter than the dynamical timescale in galactic gas disks. Therefore, under the dense environments with M BH,4 n ∞,6 > 1, BHs should quickly lose their orbital energy due to efficient gaseous dynamical friction.
Based on our results, we have discussed the orbital evolution of IMBHs drifting through clumpy CNDs. When an IMBH with M BH = 10 4 M moves in the medium with n ∞ 10 4 cm −3 , which fills most of the volume of the CND, the BH accelerates forward by the gravity of the upstream shell unless v flow > v R,crit 60 km s −1 . Once the BH encounters a dense clump with n ∞ 10 6 cm −3 , however, the massive downstream wake appears since the condition of M BH,4 n ∞,6 > 1 is satisfied. In this case, the BH experiences strong dynamical friction from the ambient gas, causing the orbital decay on the much shorter timescale than the dynamical time in the galactic disk. Therefore, we conclude that although the radiative feedback prevents the orbital decay of BHs in the rarefied environments (M BH,4 n ∞,6 < 1), strong dynamical friction works in dense environments (M BH,4 n ∞,6 > 1), which is likely to be realized after gasrich galaxy-galaxy mergers. The gaseous dynamical friction should contribute to the inward migration of IMBHs even under the radiative feedback, and possibly promote their coalescence in galactic centers.
